School buildings are one of the most important educational and learning environments and the appropriate design of these spaces has a significant impact in enhancing both students and teachers performance, comfort and satisfaction. As a result, the preliminary design evaluation and optimization of school buildings should be given a significant consideration. The key factor in design optimization of a school building, is defining the users' expectations, which is qualitative and subjective in nature. To capture these qualitative and imprecise aspects of the problem, and optimize school building design parameters, a multi-criteria fuzzy expert system is employed and the design evaluation and optimization model is developed. Different school building design parameters such as; building orientation and layout, envelope features, indoor air quality as well as day-lighting systems are investigated as part of the design evaluation and optimization process. The fuzzy expert system is used to analyze the optimal values of a list of parameters associated with the building design process to enhance the learning environment for school buildings. This method employs both quantitative and qualitative design performance parameters, and allows for different design alternatives to achieve the objective of the project.
INTRODUCTION
The design development phase of the project is a complex process in nature which deals with many qualitative and subjective factors. Through this process reaching an optimal design solution can be done by optimization methods implemented in the decision making phase (Jones,1980) . Optimization in preliminary design phase of the project assists architects to come to a best design solution among the proposed ones. On the other hand, complexity of the design phase and diversity of the design factors such as aesthetics, performance, comfort, structure and many other aspects, the use of multi-criteria decision-making method is imposable (Radford et al.1980) . For learning spaces like school buildings, parameters such as; color, light, views, size, circulation, acoustic, ventilation, and thermal condition are crucial considerations since they can affect students outcomes (Tanner et al.2006) . Thus, primary design decision-making on location, orientation, geometry, facade and material of building is essential. In this study, an evaluation model for school buildings design at the preliminary phase is developed. The model analyzes comfort parameters such as; acoustic, thermal, lighting and physical and uses these parameters as optimization criteria for new designs or as assessment criteria for existing designs, performing as a expert decision-making system to choose the optimal design solution.
An expert system developed in this study uses fuzzy rule-based structure. This model has been developed to provide a range of initial design alternative requiring designer interaction and inputs in order to evaluate the design. The database used for developing this model is a knowledgebase compiled from experts' knowledge and interviews with specialists in each design area (Sanoff, 2001) . Once the design factors are identified and fuzzy variables are created in the developed model, a series of fuzzy rules are defined. The results of the evaluations can be used in order to optimize the building design and improve the occupants' performance. Fuzzy set theory provides a systematic calculus to deal with linguistic information, and it performs numerical computation by using linguistic terms stipulated by membership functions. Moreover, fuzzy 'if-then' rules form the key component of a FIS that can effectively model human expertise in a specific application (Perfilieva et al.2007 ). Generally speaking, fuzzy set theory lends itself nicely to many problems in design optimization. Furthermore, many decisions that are made in design process are the result of experience and instinct, rather than strict calculations. The benefits of using fuzzy set theory in this instance are obvious; expert knowledge can form the basis of the model in the place of established scientific theory, and qualitative observations can be input into the model in the absence of crisp values(J. Ross,2004) .
METHODOLOGY
The proposed methodology incorporates experts' opinion and the design analysis of existing learning environment in order to ensure better quality of design, and higher comfort level and achievement rates. The model is intended to be used for two purposes; First and foremost, the model can be used as an evaluation tool, in order to accurately assess the performance of the learning environments in early designs phase. Additionally, it could be used to identify the factors that are having the largest impact on performance factor, so that novel design measures for new school buildings can be focused accordingly. The key factors that influence the quality of the learning environment are discussed in this section.
Identification of Input Factors
A number of different factors that are considered to be important in performance improvement are identified and categorized according to the parameters of the comfort that they fall under. These factors are attained through discussions with professionals who are experienced through high performance design practices. Then a survey was given to experts to measure the relative importance of each input factor and develop standard definitions for them in the model. Using the interviews and surveys, twenty third different input factors under four main categories were identified and summarized in table 1. The model will attempt to incorporate these factors into the evaluation of design performance, such that to be representative of occupants comfort and efficiency. The comfort parameters, which contribute to satisfaction and performance of occupants in a learning environments are discussed and analyzed in this section. 
Thermal Comfort parameter
The orientation of classrooms according to the solar and wind direction, class geometry as well as openings locations and sizes are the essential variables which can define the ventilation condition and the thermal comfort of the interior spaces. Windows location should be considered according to the building orientation and the predominant winds direction in order to avoid undesired wind and heat gain.
Lighting Comfort parameter
Natural light in school buildings is an essential factor, that has a significant effects on health, well being and, productivity of the occupants. The parameters used for lighting comfort evaluation are including classroom geometry and orientation, sun direction, and opening location and size (Webb, 2006) . Windows location should be considered according to the building orientation and sun direction in order to avoid direct solar radiation and visual discomfort due to blackboard and desk surface glare. Studies prove that classrooms located in south side of the school buildings are lighter since they allow more natural daylight inside (Andersen et al. 2008) . According to studies of the Heschong Mahone Group, students with the most daylight in their classrooms, having larger windows, progress faster than students having less daylight with smaller windows. Natural light sources on both sides of classrooms are recommended for students learning and comfort (Heschong Mahone Group, 2003) .
Acoustic Comfort parameter
To evaluate the acoustic comfort in classrooms, school plan configuration which defines the location of noise generating spaces in relation to the classrooms and their distances from classrooms are key factors (Metha et al. 1999) . These factors create the decision-making variables for design problem which should be assessed and ranked by specialized experts in this area. According to American SpeechLanguage-Hearing Association, the recommended noise level is 35dB and standard reverberation time is between 0.4 and 0.6sec for classrooms (ASHA, 2003) .
Physical Comfort Parameter
Distance between different functional spaces, size of classrooms, and density of spaces are the main parameters for physical comfort evaluation. These factors have impact on circulation of the students within a space and the travel between spaces. According to studies of (Alexander, 1977) , spaces such as public areas, pathways, and outdoor spaces are important for circulation considerations within school buildings. It is recommended to locate the major activity centers at the extremes and design comfortable passages for a better circulation (Ayers, 1999) . Crowded schools with little spaces have negative impact on performance. The recommended minimum area for each student to avoid overcrowding is between 1.00-1.50 square meters. Distance between spaces should also provide quicker travel of students (Tanner, 2006) .
CONSTRUCTION OF THE FUZZY EXPERT SYSTEM Data Collection (Knowledgebase) for FES Model Development
The design variables under each comfort category that described earlier in this paper (summarized in table 1) were identified based on review of literature, technical references as well as experts' knowledge. For assessment of each design variable, questionnaires that employ the rating system are developed as an qualification tool for experts and design specialists. The results of the qualifications provided the basis for school design data collection. The questionnaires incorporate 0-1 rating scale similar to the "fuzzy set theory", where the absence of a design factor is indicated by point "0" and the presence is indicated by point "1". In order to determine the membership degree of each variable, the average of experts' rates (MD) is calculated.
Design and Implementation of the model
Implementation of the model is carried out using MATLAB Fuzzy Logic Toolbox. Four different modules are created to handle the inputs to the model (Thermal Comfort, Lighting Comfort, Acoustic Comfort, and Physical Comfort Modules). Each of these four modules process the inputs related to their respective areas of function and output the respective "Comfort Factor" that is required to obtain design performance factor. First, the inputs factors are fuzzified through membership functions that were defined using the surveys and applying "direct method with multiple experts". After fuzzification, the inputs are implicated using a rule-base consisting of a set of if-then rules, such that the combined impact of all input factors can be accounted for. The results of the system are then aggregated and defuzzified, outputting the comfort factor, which is a crisp number ranging from 0 to 1.00. School performance rating can then be improved if the comfort factors is favourable, or conversely decreased if it is unfavourable. This procedure is applied for all modules. 
PCsubfactors

Creation of Thermal Comfort Module
The thermal comfort factor is calculated using a fuzzy inference system. The basic architecture of the inference system includes four input factors (as explained in table 1), and one output, which is thermal comfort factor. Determining the fuzzy sets for Thermal Comfort Module is explained in this section; for "predominant wind direction", the fuzzy sets are determined based on the 0 to 360 degree of orientation which defines eight geographic directions as shown in table 2. For "building orientation" the same concept is used to define eight different orientations of the building, so the x-axis of fuzzy sets is ranged from 0-360 degree as shown in table 2. Openings could be located either in the north face or south face of building façade or in adjacent faces such as north-east, north-west, east-south or south-west. Positions of the openings are considered to be single, adjacent or parallel on 1-10 range of x-axis (da Graca et al. 2007 ), (Zelenay et al. 2011 ).
Creation of Lighting Comfort Module
The basic structure of the inference system for lighting comfort factor includes nine input factors (as explained in table 1), and one output, which is lighting comfort factor. Determining the fuzzy sets for Lighting Comfort Module is explained in this section; Fuzzy sets for "classroom orientation", "opening location" and "openings position" have been defined using the same approach applied for thermal comfort module. For "classroom shape" length to width ration is used to determine either rectangular or square-shape of classrooms as explained below; To determine the "opening size", window to wall ratio is assumed to be an indicator of different sizes. The range allocated for window to wall ratio is 0.1 to 0.8 which means 10% to 80% of wall area is considered to be opening area. For "openings distribution" 0 to 1 range is assumed in which, 0 is indicator of touching openings and 1 is indicator of far apart openings as sorted in table 1. For "number of openings" the minimum is assumed to be one while the maximum is eight. "Openings shape" is obtained by calculating height to width ratio and x-axis range is assumed between 2/3 and 3/2. "Glass transparency" is also considered 0.1(regular) to 0.85(transparent) on 0.1-0.85 range (Flager et al. 2009 ), (Gange et al. 2010 and 2011) . 
Creation of Acoustic Comfort Module
The basic FIS structure for acoustic comfort factor includes six input factors (table 1), and one output, which is acoustic comfort factor. Determining the fuzzy sets for Acoustic Comfort Module is explained here; "Geometry of the classroom" is one of the input factors, which is determined by using the aspect ratio. Aspect ratio is a parameter that helps to define the shape of a desired area (e.g. classroom) by calculating width to depth ratio of the bounding rectangle of that area (Tuhus et al. 2010) . For "noise generation source", the range is defined as 1-10, which is an indicator of close to far location." Material quality" is measured based on degree of absorbance and is ranged from none sound-absorbent to sound-absorbent. The ideal "reverberation time" is also stated to be between 0.4-0.6 sec (da Garca et al. 2007 ). Thus, fuzzy sets are generated between 0-1 x-axis range as summarized in table 1.
Creation of Physical Comfort Module
The basic FIS structure for physical comfort module includes four inputs (shown in table 1), and one output (physical comfort factor). Determining the fuzzy sets for physical Comfort Module is explained in this section; the assumed range for "travel distance" is between 50 to 500 meters, which indicates close to far classifications. According to literature and school design technical references, the "classroom size" could range from 0 to 140 seats. "Circulation facilities", "public spaces" and "outdoor spaces" are classified based on their absence or presence (Tanner, 2008 and 2009 ). The range 0 to 1 is the indicator of this classification.
Construction of Membership Functions
Membership functions (MF) allow the inputs of the model to be fuzzified and processed through FIS to determine the net impact of factors combination. Since many of the parameters that affecting the comfort condition and subsequently performance of school design are qualitative in nature and are described in linguistic terms, MFs are generated to represent them. Several methods of generating MFs have been proposed in the literature such as horizontal, vertical, parametric optimization, direct methodology, and exemplification (Pedrycz et al.1998) . The method applied here is direct methodology with multiple experts. The complexity of generating the MFs is laid under the x-axis scale definition in an universal manner, which can be accomplish on objective data basis (Fayek et al. 2001) . For example, in this study the opening shape can be defined on the basis of the numeric data, using height to width ratio of the windows as an indicator to define the x-axis range numerically. After defining the x-axis scale for each MF, appropriate terms to describe input factors and the optimal number of MFs are identified (table 1) . Finally, the appropriate shape and range for each MF is determined. Triangular, trapezoidal, and bell-shaped MFs are mostly used in this study. An example of created MFs for one of the modules is shown in figure 2 .
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TESTING AND VERIFICATION OF THE MODEL
The collected data from the surveys and observations is divided in to two parts; training data set to develop the model and testing data set to validate the accuracy of the model. A small set of collected performance related data sets consist of qualitative observations and evaluations of ten case study schools are used. Each set of observations is accompanied by the corresponding performance of school occupants that data was collected from. The standardized definitions of input factors that were determined through the survey process are used as to rate each input factor.
Numerical Example of Model Implementation
In this section the data that was collected for a case study school is used to illustrate the operation of the developed model. Data was collected through collaborating process between the researcher, experts and school administrators. The list of qualitative assessment of a school comfort conditions is provided in Table 6 . These input data is then entered into four developed comfort factor modules in order to assess the combined impact of these parameters on the each comfort condition of the school occupants. Initially, the membership degree of each input factor is obtained referring to the developed modules for the linguistic data, and then is imported into the "rule viewer" of the modules in order to calculate a numerical value for thermal, lighting, acoustic and physical conditions. In other word the fuzzy input data are given to the model and the defuzzified output value is calculated using the membership grades and developed functions. These outputs are inputted to the "design evaluation module", which provides a defuzzified value called performance factor. The output values of the aforementioned input data are shown in Table 7 . The outputs obtained from comfort condition evaluations of all ten case study schools and the performance factor obtained from design evaluation module as well as the resulted school design ratings are all summarized in table 8. 
DISCUSSION OF THE RESULTS
Two main factors were used to assess the performance of the model: the total percentage error between the models predicted performance factor and the actual performance factor, and whether or not the model predicted performance factor was close enough to evaluation based on the experts' average. The percentage error of the model is calculated and the result is shown in Table 9 . The performance of the model versus estimation based on the experts is assessed by using the expert average evaluation as the actual estimate, and assessing whether the modeled estimated performance is close to the actual estimate. The initial result of the model is quite promising; the model correctly predicts the performance of the design close to those of the estimate. For seven of the ten tested cases, the model was able to predict the school design efficiency with an error of less than 10%.
CONCLUSION AND LIMITATIONS OF THE MODEL
To evaluate the school building design and solve the design optimization problem, both qualitative and quantitative parameters are of particular importance. To capture the subjectivity of the problem, a multi-criteria fuzzy expert system is proposed and the design evaluation model is developed. Different school building design parameters such as; building orientation and layout, envelope, indoor air quality as well as day-lighting are investigated as part of the design evaluation and optimization process. The Model also allows the designer to explore different design alternatives to choose the optimized solution. Several limitations can be identified in the survey procedure, ranking the relative importance of input factors, and establishing standardized definitions of each factor. The main limitation was the small number of experts that were consulted with in developing the model. Ideally, in order to further development of the model and increase the range of its application, not only a larger pool of expert knowledge, but also experts from more varied backgrounds would be required. For all model inputs, standard definitions for each state of the input variables were developed in an effort to remove some subjectivity in user evaluation. In the case of crisp number and defined category inputs, the subjectivity in user evaluation is removed. However, for the model inputs that are assessed on a 1-10 or 0-1 rating scale, there still exists a moderate degree of subjectivity in user inputs. Further refining and verifying the standard definitions of input variables could help to more reduce this subjectivity. Having a larger data set would also be valuable in refining the model to a state that could deliver consistently accurate results.
